Purpose: Peramivir is the first intravenously administered neuramidase inhibitor for immediate delivery of an effective single-dose treatment in patients with influenza. However, limited data are available on intravenous (IV) peramivir treatment compared to oral oseltamivir for these patients. Materials and Methods: With a systematic review and meta-analysis, we compared the efficacy of IV peramivir with oral oseltamivir for treatment of patients with seasonal influenza. MEDLINE, EMBASE, and Cochrane Central Register were searched for relevant clinical trials. Results: A total of seven trials [two randomized controlled trials (RCTs) and five non-randomized observational trials] involving 1676 patients were finally analyzed. The total number of peramivir-and oseltamivir-treated patients was 956 and 720, respectively. Overall, the time to alleviation of fever was lower in the peramivir-treated group compared with the oseltamivir-treated group [mean difference (MD), -7.17 hours; 95% confidence interval (CI) -11.00 to -3.34]. Especially, pooled analysis of observational studies (n=4) and studies of outpatients (n=4) demonstrated the superiority of the peramivir-treated group (MD, -7.83 hours; 95% CI -11.81 to -3.84 and MD, -7.71 hours; 95% CI -11.61 to -3.80, respectively). Mortality, length of hospital stay, change in virus titer 48 hours after admission, and the incidence of adverse events in these patients were not significantly different between the two groups. Conclusion: IV peramivir therapy might reduce the time to alleviation of fever in comparison with oral oseltamivir therapy in patients with influenza; however, we could not draw clear conclusions from a meta-analysis because of the few RCTs available and methodological limitations.
INTRODUCTION
Influenza viruses are important global pathogens with an estimated annual attack rate of 5-10% in adults and 20-30% in children, resulting in substantial disease incidence, hospitalization, and mortality. 1 The Advisory Committee on Immunization Practices (ACIP) of the Centers for Disease Control and Prevention (CDC) recommended three U.S. Food and Drug Administration (FDA)-approved influenza antiviral agents [oral oseltamivir, inhaled zanamivir, and intravenous (IV) peramivir] for the prevention and control of influenza during the 2015-2016 influenza season. 2 
Comparison of Efficacy of Intravenous Peramivir and Oral Oseltamivir for the Treatment of Influenza: Systematic Review and Meta-Analysis
Oseltamivir (F. Hoffmann-La Roche, Ltd., Basel, Switzerland) is the antiviral agent most frequently used for the treatment and prevention of influenza, and its use has increased since pandemic influenza A (H1N1) 2009. Because oseltamivir is administered via an oral route, it is often difficult to use in some cases, particularly in young children, patients with aspiration tendency, critically ill patients or patients requiring mechanical ventilation. Therefore, novel or additional effective agents are needed. 3 Peramivir (BioCryst Pharmaceuticals Inc., Durham, NC, USA) is an antiviral agent that blocks viral growth by selectively inhibiting neuramidase (NA), an enzyme that releases viral particles from infected cells, in human influenza A and B viruses, and is administered once daily through an IV route. 3 It was licensed in Japan and South Korea in 2010. 3 In the United States, IV peramivir is still under investigation as an NA inhibitor (NAI), but it was made temporarily available in 2009 for hospitalized patients infected with pandemic influenza A (H1N1) under an Emergency Use Authorization. 4 Recent randomized controlled trials (RCTs) demonstrated that IV peramivir showed better clinical efficacy and antiviral activity than a placebo in uncomplicated influenza and was safe and well tolerated. 5, 6 Since the 2010s, several RCTs or observational studies (OBSs), comparing the clinical efficacy of peramivir with that of oseltamivir in influenza patients, have been published. [7] [8] [9] [10] [11] [12] [13] However, there is a lack of evidence regarding whether IV peramivir or oral oseltamivir should be used for initial treatment in patients with influenza. Accordingly, the purpose of the present study was to compare the clinical efficacy of these two antiviral agents through a systematic review and meta-analysis of data from clinical trials.
MATERIALS AND METHODS

Data sources and search strategy
To identify potentially relevant articles, a comprehensive search of three electronic databases (MEDLINE, EMBASE, and Cochrane Central Register) up to December 2016 was performed. The search used keywords related to peramivir: BCX-1812; RWJ 270201; oseltamivir; tamiflu; influenza; flu; H1N1; antivirals; and neuramidase inhibitors; search filters provided by SIGN (http://www.sign.ac.uk/methodology/filters.html) were used. There were no language restrictions and the search was limited to human studies. Trials published solely in abstract form were excluded because the methods and results could not be fully analyzed. In addition, we performed a manual search of the references listed in relevant review articles. As this study was a systematic review of published articles, neither informed consent nor ethics approval was required.
Inclusion criteria
A systematic review and meta-analysis were performed on studies that met the following criteria: 1) randomized controlled or observational cohort studies that treated influenza virus infection; 2) comparison of IV peramivir vs. oral oseltamivir; and 3) the presence of clinical outcomes and/or adverse events.
Study selection and data extraction
Two pulmonologists (JHL and YHK) independently retrieved potentially relevant studies and reviewed each study according to predefined criteria for eligibility, and finally extracted data. Any disagreement in the process of study selection or data extraction was resolved through consensus. A predefined form was used to extract data from each study. We used only officially published data. Primary outcomes were the time to alleviation of fever after treatment of antiviral agents. We also assessed changes in viral titer, mortality, length of hospital stay and the incidence of adverse events.
Quality assessment
As recommended by the Cochrane Collaboration, we used the Newcastle-Ottawa quality assessment scale (NOS) to assess the risk of bias in OBSs.
14 NOS uses a star system to evaluate nonrandomized OBSs in the following three domains: selection, comparability and exposure/outcome. Studies that received a star in each domain were considered to be of high quality.
The quality of RCTs was assessed using the Cochrane Handbook for Systematic Reviews of Interventions 'risk of bias' tool. 15 Risk of bias was assigned to the following domains as 'low' , 'high' or 'unclear': sequence generation/allocation concealment (selection bias), blinding of participants and personnel (performance bias), blinding of outcome assessment (detection bias), incomplete outcome data (attrition bias), selective outcome reporting (reporting bias), and other sources of bias. Agreement between reviewers was achieved through a consensus.
Statistical analysis
We analyzed data in Review Manager Software, version 5.3 (The Nordic Cochrane Centre, The Cochrane Collaboration, Copenhagen, Denmark). Random-effects models were applied. As for dichotomous variables, treatment effects were presented as risk ratios (RRs) with 95% confidence intervals (CIs) via the Mantel-Haenzel method. Statistical estimates for continuous variables were expressed as raw mean differences (MDs). The heterogeneity was assessed using I 2 statistics on a scale of 0-100%. I 2 >50% indicated a substantial level of between-study heterogeneity. If necessary, we also investigated the influence of an individual study on the overall effect estimates by removing each study in turn to explore the robustness of the pooled effect. Subgroups were analyzed as necessary. A p value <0.05 was considered statistically significant.
RESULTS
Study search
A total of 19155 published articles were initially identified through database searches. After removing duplicate articles, we screened 15554 potentially eligible articles from database searches. Of these articles, 15497 were excluded based on the title and abstract. Therefore, 57 articles remained and two potentially eligible articles were added from their reference lists. A total of 59 articles underwent full-text review. Fifty-two articles were excluded for the reasons presented in Fig. 1 . Finally, a total of 7 articles were included in the current analysis. [7] [8] [9] [10] [11] [12] [13] Of these trials, two trials were RCTs and the remaining 5 trials were OBSs. All were published between 2011 and 2015. The features of the included studies are shown in Table 1 . The number of patients in each trial ranged from 32 to 1091. The total number of patients in our systematic review and meta-analysis was 1676, of whom 956 were treated with IV peramivir and 720 received oral oseltamivir. Quality assessment findings of RCTs and non-randomized OBSs are demonstrated in Fig. 2 and Table 2 , respectively. Fig. 3 shows the effect of IV peramivir and oral oseltamivir on the time to alleviation of influenza symptoms. Overall, a random effect model indicated that the peramivir-treated group had a significantly shorter time to alleviation of influenza symptoms or fever compared with the oseltamivir-treated group (MD, -7.17 hours; 95% CI -11.00 to -3.34; p<0.01; I 2 =2%). [7] [8] [9] [10] [11] 13 
Primary outcome
Secondary outcomes
Total mortality and length of hospital stay were reported in two trials, respectively. 12,13 A random effect model showed that total mortality was not significantly different between the peramivir and oseltamivir treatment groups (28.0% vs. 34.2%; RR, 0.96; 95% CI 0.55 to 1.68; p=0.90; I 2 =0%) (Fig. 5A) . 12, 13 Length of hospital stay in the peramivir-treated group was also similar to that in the oseltamivir-treated group (MD, 0 days; 95% CI -1.19 to 1.20; p=1.00; I 2 =0%) (Fig. 5B) . 7, 12 We were able to retrieve data concerning the change in influenza virus titer for 48 hours after admission from two RCTs. Pooled analysis did not reveal a significant difference between the two treatment groups (MD, -0.06 log10 TCID50/mL; 95% CI, -0.20 to 0.08; p=0.38; I 2 =0%) (Fig. 5C ).
7,8
Adverse events
As shown in Fig. 6A , the incidence of adverse events was not significantly different between peramivir-and oseltamivirtreated groups (72.3% vs. 75.2%; RR, 1.05; 95% CI 0.77 to 1.43; p=0.76; I 2 =63%). 7, 8, 13 Pooled estimates also revealed no significant differences in the rates of serious adverse events between the two groups (7.2% vs. 6.8%; RR, 1.06; 95% CI 0.69 to 1.63; p=0.80; I 2 =0%) (Fig. 6B) . 7, 8 
DICUSSION
Our study showed that IV peramivir might reduce the time to alleviation of fever compared with oral oseltamivir among patients with influenza. The clinical efficacy of IV peramivir therapy was first reported in a placebo-controlled, double-blind phase II study in patients with uncomplicated seasonal influenza. 5 At both 300 and 600 mg, a single IV peramivir infusion significantly reduced the time to alleviation of symptoms for adult influenza outpatients. 5 After that, a randomized, doubleblind phase III study conducted in Japan, Taiwan, and South Korea compared IV peramivir (a 300-or 600-mg single infusion) with oral oseltamivir (75 mg twice a day for 5 days) in uncomplicated cases of seasonal influenza, and demonstrated the non-inferiority of peramivir therapy to oseltamivir in terms of the time to alleviation of symptoms. 8 However, due to the scarcity of clinical comparisons, we sought to determine which antiviral agent was superior through a meta-analysis of previous trials.
In our study, the time to alleviation of fever was considered a primary outcome when evaluating the clinical efficacy of antiviral agents for patients with influenza because it was regarded as the most important parameter in clinical studies. Although OBSs demonstrated the superiority of IV peramivir therapy with regard to fever, we could not draw concrete conclusions because the results of subgroup analysis from RCTs were ambiguous.
In addition, we compared the time to alleviation of fever according to whether patients were hospitalized or not. Although the US FDA approved peramivir as the first IV NAI for patients with uncomplicated influenza, 16 a recent placebo-controlled, double-blind RCT did not demonstrate the clinical benefit of IV peramivir in hospitalized patients with influenza. 17 No antiviral agents have been approved specifically for the treatment of influenza in hospitalized patients. In our meta-analysis, there were no statistically significant differences between treatment groups in hospitalized patients with influenza. Therefore, we could not confirm whether IV peramivir or oral olsetamivir was more effective in patients with serious influenza requiring hospitalization.
Total mortality, length of hospital stay, and changes in viral titers are key parameters of the clinical and virological effectiveness of antiviral agents. Our results revealed that these parameters did not differ between peramivir and olsetamivir treatment groups. In a RCT that enrolled 288 healthy volunteers (aged 18-45 years) intranasally inoculated with experimental influenza A or B, oral peramivir treatment at a dosage of 400 mg once daily for 5 days significantly reduced viral detection, defined by the area under the curve for nasal wash viral titers of influenza A. 18 And both 400 and 800 mg once daily for 5 days reduced viral titer of influenza B. 18 Although we evaluated changes in viral titers from base-line to 48 hours, no significant difference in virological effects was found between two groups.
In addition to clinical efficacy, adverse events are critical factors in the selection of an antiviral agent. Although we conducted a meta-analysis of adverse events using two RCT studies and one OBS, 7, 8, 13 the results showed no statistically significant differences in rates of any or serious adverse events between patients treated with peramivir and those treated with oselta- Ison, et al. 7 Kohno, et al. mivir. Most adverse events were mild or moderate. Pooled estimated results suggested that the incidence of severe adverse events was similar in the peramivir and oseltamivir groups (7.2% and 6.8%, p=0.08). Gastrointestinal symptoms such as diarrhea, nausea, and vomiting were the most common adverse effects in both treatment groups. The similar clinical efficacy and adverse event findings of this systematic review suggest that the choice between oseltamivir and peramivir therapy could be decided based upon the convenience of administration (IV vs. oral), the ease with which medications can be purchased, and the preference of the patient or physician. Several previous OBSs and subgroup analysis in our study showed IV peramivir to have superior efficacy in terms of the time to alleviation of fever. However, the lack of differences in total mortality rate, length of hospital stay and changes in viral titers indicate little or no difference in clinical efficacy between the two agents. The development of influenza antiviral drug resistance in vi- Hikita, et al. 9 Kohno, et al. 8 Shobugawa, et al. 10 Takemoto, et al. Fig. 4 . Pooled adjusted risk ratio results for time to alleviation of fever with intravenous peramivir versus oral oseltamivir in inpatients (A) and outpatients (B) with influenza. SD, standard difference; IV, inverse variance; CI, confidence interval; df, degrees of freedom. Hikita, et al. 9 Shobugawa, et al. 10 Takemoto, et al. 11 Yoshino, et al. Ison, et al. 7 Yoo, et al. 12 Total (95% CI)
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Ison, et al. 7 Kohno, et al. 8 Total (95% CI) Yoo, et al. 12 Yoshino, et al. Ison, et al. 7 Kohno, et al. 8 Yoshino, et al. ruses is a major concern. Therefore, when considering which drug to choose, resistance should be considered. The H274Y mutation is associated with resistance to oseltamivir and peramivir and mutations at I222 and R292 can reduce peramivir sensitivity. 19 The incidence of resistance to oseltamivir and/or peramivir in Japan and USA during the 2013-2014 influenza season was 4.2% and 1.2% for influenza A (H1N1) pdm09, respectively. This might mean that, in spite of the low resistance rate, a particular drug could be superior to others in specific situations.
Our study has some limitations. First, since our meta-analysis considered only a small number of trials, our results should be interpreted with caution. Second, the publication bias inherent to all meta-analyses might have influenced these results. However, since the number of included trials was small, we could not estimate potential publication bias with a funnel plot for all outcomes. Third, the dosage and the duration of IV peramivir treatment varied among studies, which could affect the precision of the results. As a result, we think that additional large-scale RCTs are needed to overcome these limitations. Finally, we tried to compare the efficacy of two drugs between children and adults. We found six studies for primary outcome. [7] [8] [9] [10] [11] 13 There are three studies for adults, 7, 8, 13 and one study for children. 9 The remaining two studies examined mixed group including adults and children.
10,11 Accordingly, we could not perform a meta-analysis for children group. Instead, we evaluated the time to alleviation of fever after treatment of antiviral agents on adults group. 7, 8, 13 Pooled estimates revealed no significant difference between two treatments (MD, -2.51 hours; 95% CI -11.88 to 6.86; p=0.60; I 2 =6%). In conclusion, our systematic review and meta-analysis suggested that IV peramivir might reduce the time to alleviation of fever among patients with influenza compared to oral oseltamivir. However, because the methodological limitations of the included trials and the scarcity of trials prevented us from drawing firm conclusions, the clinical benefit and/or superiority of IV peramivir to oral oseltamivir remains unclear in these patients. Accordingly, further large-scale RCTs are needed to establish appropriate criteria with regard to the selection of optimal NAIs for patients with influenza.
